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Abstract  
This work is devoted to vibroacoustical condition monitoring of the gas-turbine engines (GTE) blades and diagnosis of the crack-like damages at the steady-state and non-steady-state modes of GTE. For detection of the mentioned damages we proposed the application and further development of the low-frequency vibroacoustical diagnostic methods which use vibrating and acoustical noise as diagnostic information. The following amplitude dimensionless characteristics are used as fault features: probability factor, peak factor and factor of background. The evaluation of the crack-like damage of the blades is carried out at the steady-state and non-steady-state modes by using the generalized likelihood method. The statistical quality of the received estimations is investigated.
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1. Introduction 
The problems of condition monitoring of the gas-turbine engines (GTE) at the steady-state and non-steady-state modes of GTE, on-line crack-like damages detection and evaluation may be solved by using the vibroacoustical diagnosis methods. The creation of the condition monitoring system is based on improvement and further development of the low-frequency (0-25 kHz) vibroacoustical diagnostic methods which use vibrating and acoustical noise as diagnostic information [1]. This noise is radiated by the turbine and compressor stages during operation of the GTE. The diagnostic information is characterized by complexity and variety, and the measured signals are the local or essential non-steady-state processes. In case of the crack-like damages of GTE blades the components containing the information on faults are characterized by small vibratory energy. This restricts the application of traditional spectral-correlative methods of signal analysis for the early fault detection, estimation of their parameters and prediction of the further evolution.
The initiation and increase of a fatigue crack in the blade lead to the instantaneous change of its stiffness. Usually the change of stiffness is modeled by the piecewise-linear characteristic of the restoring force. Non-linearity leads to variation of the oscillation parameters and to the occurrence of local non-stationary component in the measured signal. We created the dynamic model of gas-turbine engine as the object for fatigue cracks diagnostic in turbine blades and compressors [1]. This model is used for simulation and analysis of vibroacoustical processes which occur at the steady-state and non-steady-state modes of GTE in the absence and presence of small fatigue cracks in one blade of the turbine stage (the relative rigidity changing at the crack presence is considered =0,01,…,0.1). Three modes of GTE are simulated and investigated: m1 – steady-state (constant value of the rotor rotation frequency); m2 – non-steady-state (the fast increase of the rotor rotation frequency); m3 – non-steady-state (the decrease of the rotor rotation frequency). The simulated signals were processed using preliminary Wavelet-transformation and the amplitude dimensionless characteristics of the vibroacoustical signals. The following amplitude dimensionless characteristics are used as fault features: probability factor J2, peak factor J3 and factor of background J4 [1,2]. All features represent random quantities, the probability distribution law of features is close to normal. Pattern recognition of the blades condition may be carried out by way of estimation of the current value of fault parameter , and then making the decision based on comparison of the obtained estimations with the values of the reference level established in advance.
The purpose of this work is the evaluation of the relative rigidity changing  as the fault parameter at the crack-like damage presence in turbine blades during operation of the GTE.

2. Analytic definition of maximum-likelihood estimations of the fault parameter
The maximum-likelihood method (MLM) is used for estimation of the nonrandom parameters in practice [3]. Generally, the equation of the maximum-likelihood is of the form:
,	(1)
where  is the functional of likelihood; λ is the evaluated parameter.
The maximum-likelihood estimation  of the unknown nonrandom parameter is asymptotically effective, the minimum dispersion of an estimation corresponds to Rao-Cramer boundary and defines a potential precision of an estimation. The dispersion of the estimation of the evaluated parameter is used as a measure of precision:
,	(2)
where  is dispersion of an estimation;  is sign of mathematical expectation;  is a derivative on parameter λ from magnitude of a deviation of the obtained estimation from value of the evaluated parameter;  is the information on Fisher which is contained in sample; n is the sample length.
For the estimation of fault parameter  we use the above mentioned features at three modes of GTE:  and   at the m1 mode; , and  at the m2 mode;  and  at the m3 mode.
We consider the mentioned features  (the index r determines the type of the amplitude dimensionless characteristic) obtained in the ith measurement, as random values characterized by the normal probability distribution:
.	(3)
The mathematical expectations of the fault features mr are the functions of the fault parameter , these dependencies are approximated by the following polynomials:
	the first-order with respect to  for m1 and m3 modes:
;	(4)
	the second-order with respect to  for m2 mode:
.	(5)
The dispersions of the fault features  are supposed to be independent from the parameter of a fault  for all considered conditions. Maximum magnitudes of dispersions are: 
	10-2 for   and  10-2  for ;
	10-2 for  , 10-2  for  and 10-2   for  ;
	10-2  for   and  10-2  for .
Taking into account equation (3), we obtain the following expressions for the logarithmic functional of likelihood:
	in the ith measurement:
;	
	for the general case of n measurements:
.	(6)
After transforming expression (6) we obtain the equation of the maximum-likelihood (1) in the following form:
.	(7)
With due account of (4) or (5), the solution of the equation (7) is the maximum-likelihood estimation  of the fault parameter  for the mentioned features :
	for m1 and m3 modes:
;	(8)
	for m2 mode estimation  is obtained as a solution of equation:
,	(9)
 where  ; ; ;              .	
3. Calculation and analysis of the fault parameter maximum-likelihood estimations
The maximum-likelihood estimations  of the fault parameter  were calculated by using formulas (8) and (9) for n=5. The maximum values of the estimation dispersion  are given in Table 1 for a considered range of values of the evaluated parameter  and for each of the considered modes of GTE. Values of the dispersion are defined according to the left part of an inequality (2) and they are the measure of precision of the received estimations.  
Table 1. The maximum values of the estimation dispersion  with respect to  









 For the received estimations we generate the following vectors of fault parameter estimations for the considered modes of GTE:
; ; ,	(10)
which allow defining the mathematical expectation  and dispersion  of the estimates of the fault parameter  for the given measurement and each mode of GTE.
For the statistical analysis estimations we use the statistical parameter Q, which is defined as a ratio:   
. 	(11)
The parameter Q is the inverted signal-to-noise ratio and is directly related to the statistical stability of the estimate, and values Q<<1 correspond to the smooth estimates with small dispersion. Graphs plotting 20lg Q as a function of the evaluated parameter  for estimations which are received by using separate features  and for vectors (10) are shown in Fig. 1 (for mode m1), Fig. 2 (for mode m2) and Fig. 3 (for mode m3).
                        
Figure 1. Dependencies of estimations statistical parameter on  for mode m1 at an estimation on the basis of  features (1), (2) and  vector (3)
                          
Figure 2. Dependencies of estimations statistical parameter on  for mode m2 at an estimation on the basis of  features (1), (2),  (3) and  vector (4)
One can see that the estimation of parameter  is ineffective for small faults () at the steady-state mode of GTE (mode m1). Let the threshold value of estimations statistical parameter be  -20 dB, then the received estimations are tolerant and steady for features  and , and vector  in all range of considered values of the evaluated parameter  at the non-steady-state mode of GTE with the fast increase of the rotor rotation frequency (mode m2). At the modes m1 and m3 the estimations statistical parameter is not higher than the above-mentioned threshold value for the evaluated parameter range .
                            
Figure 3. Dependencies of estimations statistical parameter on  for mode m3 at an estimation on the basis of  features (1), (2) and vector (3)
 4. Conclusions 
The evaluation of the relative rigidity changing  as the crack-like fault parameter is carried out at the steady-state and non-steady-state modes of GTE. The received results show that the non-steady-state mode of GTE with the fast increase of the rotor rotation frequency (mode m2) is the most informative diagnostic mode of GTE and that the estimations of fault parameter are tolerant and steady in all considered range of small values of the evaluated parameter. The received results allow detecting crack-like damages based on comparison of the obtained estimations with the values of the reference level established in advance.
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